In this study, the machinability of austempered spheroidal graphite cast iron made by different casting methods was investigated. Spheroidal graphite cast iron samples made by sand mold casting and continuous casting, respectively ADI-S and ADI-C, were used. From the results of cutting tests, the machinability of ADI-C was always excellent compared with that of ADI-S at cutting speeds from 100 to 365 m/min. The feed and thrust forces of ADI-S were higher than those of ADI-C at high cutting speeds, although their-cutting resistance was almost the same at low cutting speeds. In addition, the microstructure of ADI-S chips was found to be greatly deformed near the chip-tool interface for ADI-S compared with ADI-C. It has been reported that there always exists retained austenite in austempered spheroidal graphite cast iron, and that the retained austenite transforms to deformation-induced martensite on the machined surface when the austempered spheroidal graphite cast iron is machined. From the results of the comparative analysis of ADI-S and ADI-C, the average relative volume ratio of retained austenite increased with increasing cutting speed for both ADI-S and ADI-C, and was about double in the case of ADI-S at high cutting speeds such as 365 m/min. From these results, it is clear that the retained austenite in both ADI-S and ADI-C does not transform to deformation induced martensite at high cutting speeds, and that ADI-C can be machined at cutting temperatures and with cutting resistances lower than those necessary for ADI-S, suggesting that the machinability of ADI-C is better than ADI-S. [
Introduction
Austempered spheroidal graphite cast iron (shown as ADI) has many excellent characteristics, and is already being used for important structural members 1) . However, the increased use of ADI may be inhibited because although it has many excellent characteristics the machinability is inferior to much cast iron. Therefore, there are already reports about the machinability of ADI [2] [3] [4] [5] [6] [7] [8] . Amongst these, there are reports that the use of the cBN tool is effective as a kind of high ef ciency machining method, considering the dif culty of machining ADI among them [9] [10] [11] . From these reports, a method that solves to an extent the problems when ADI is machined has already been shown.
On the other hand, actual ADI is judged to have no problems when the predetermined requirements are satis ed in the quality inspection after the austempering. In this case, it is a fact that the conditions other than the chemical composition before the austempering are not considered. However, there are many indications that the machinability is not constant, regardless of the dif culty in machining, when similar ADI which has satis ed the predetermined requirements is machined. Even when the characteristics of ADI are similar after the austempering, it seems that the conditions before the austempering, mentioned above, have some kind of in uence on machinability. Therefore, although the in uence of the austempering has been already considered when the machinability of ADI is examined, it is necessary to consider differences before austempering that have so far hardly been considered, namely differences in the casting method [12] [13] [14] .
The in uence that the casting methods has on the machinability of ADI was focused upon in this paper, and the pur-pose of this paper is to make clear the differences in machinability in this case. After having investigated the in uence that the casting methods have on the characteristics of ADI, various cutting tests were carried out. From the cutting tests, it was attempted to make clear the phenomena occurring during at the cutting of ADI, by examining cutting tools, cutting chips and work materials.
Experimental Procedure

Materials
FCD600 made by sand mold casting and continuous casting as the work materials and K10 grade cemented carbide as a cutting tool were used in this study. The chemical composition of the FCD600 made by sand mold casting and continuous casting is shown in Table 1 . In FCD600 made by sand mold casting, a Y block as shown in Fig. 1 was cast by the method shown in Table 2 . In FCD600 made by continuous casting, a commercial plate with a width of 155 mm, a length of 300 mm and a thickness of 35 mm was used. After all casting materials were machined to 120 mm width × 120 mm length × 27 mm thickness, or a cube of 27 mm, they were austempered. The casting materials were maintained at 1173 K for 1.5 h, at 593 K in a salt bath for 1 h more, and were then air-cooled. At this time, RX gas as the main gas and enriched propane gas were used in the continuous furnace.
Investigation method of ADI characteristics
The microstructure was observed to investigate the characteristics of ADI, and tensile strength and Vickers hardness distribution were measured. Before optical microscopy, all of the test samples were polished and etched using a 3% nital reagent. The tensile strength was investigated using a specimen of 8 mm in diameter and a gauge length of 25 mm with an elastic stress rate of 0.5 mm/min. Micro Vickers hardness distribution was investigated every 0.5 mm from the surface towards the center of the ADI plate with a load of 100 gf and a load time of 15 s.
Method of cutting test
In a test to compare the cutting characteristics of austempered spheroidal graphite cast iron made by sand mold casting and continuous casting (respectively shown as ADI-S and ADI-C), the austempered materials of 120 mm width × 120 mm length × 27 mm thickness was machined to 118 mm width × 118 mm length × 25 mm thickness, and the 118 × 25 mm face was intermittently cut using a machining center. In the cutting test, ADI was machined without the use of cutting uid, at cutting speeds of 100, 200 and 365 m/min with a cutting feed of 0.2 mm/tooth and a depth of cut of 0.5 mm. A cutting tool of 12.7 mm width × 12.7 mm length × 4.76 mm thickness and a corner radius of 0.8 mm was used. The machinability of ADI was evaluated using the maximum width of ank wear (V B ) when ADI-S and ADI-C were machined under the same conditions. The cutting distances were decided to 295, 118 and 14.75 m each with cutting speeds of 100, 200 and 365 m/min respectively, to develop the wear on all the faces of the cutting tools so that observation was easy. An optical microscope was used for the observation and measurement of the wear on all the faces of the cutting tools, and for the observation of microstructures in the cross sections of the cutting chips. The observation conditions for the microstructures were the same as the conditions for investigating the characteristics of ADI. A contact type surface roughness meter was used for the measurement of the maximum height of pro le (Rz) on work materials after the cutting test.
For the measurement of cutting resistance, a 25 × 25 mm face of ADI with 120 mm width × 120 mm length × 27 mm thickness that had been machined to 25 mm width × 25 mm height × 55 mm length was machined intermittently using an exclusive jig and a general purpose lathe. At this time, the cutting conditions were the same as the cutting conditions for investigating the machinability of ADI. A strain gauge type tool dynamometer was used for the measurement of cutting resistance, with a sampling frequency of 20 kHz and a sampling time of 10 or 20 s.
The average relative volume ratio of retained austenite was measured by X-ray diffractometer on the surface of the machined ADI. For the measurement of average relative volume ratio of retained austenite, the surface of ADI of a cube of 27 mm that had been machined to a cube of 25 mm was cut intermittently using a machining center. Again, the cutting conditions were the same as the cutting conditions for investigating the machinability of ADI. The diffraction peaks for the average relative volume ratio of retained austenite were Figure 2 shows the microstructures on ADI-S and ADI-C before and after the austempering. When the microstructure of ADI-C was compared with ADI-S before the austempering, a nearly pearlite matrix in ADI-S and a clear ferrite matrix in ADI-C were observed, indicating that the both microstructures were totally different. It seems that the cooling conditions are different when both types of ADI are cooled. In addition, it seems that the microstructure of ADI-C is slightly in uenced by the titanium 15) . On the other hand, the matrix of both types of ADI were on the whole like the bainite, though ADI-S was more like martensite when the microstructure of ADI-S was compared with ADI-C. From these results, it was judged that ADI-S and ADI-C were austempered appropriately. However, the microstructure of ADI-C is not similar to ADI-S because the chemical composition is designed in each cast iron to be suitable for each casting method, and it seems that this in uence the machinabilities. Figure 3 shows the tensile strength of cast iron (FCD600) made by sand mold casting and continuous casting before and after austempering. Though the tensile strength of FCD600 made by continuous casting before austempering was higher than FCD600 made by sand mold casting, the tensile strength of ADI-S made by sand mold casting after austempering was higher than ADI-C made by continuous casting. Figure 4 shows the Vickers hardness distribution of ADI-S and ADI-C towards the inside from the surface. The Vickers hardness on the surface of both ADI-S and ADI-C decreased about 100 HV compared to internal hardness. The distribution of Vickers hardness was almost constant at about 600 HV in ADI-S and about 500 HV in ADI-C, though these gures uctuated a little. From these results, the mechanical properties and microstructures of cast iron are greatly different when casting methods are different before the austempering. The conditions of ADI-C are only a little different from ADI-S after austempering, and it is con rmed that the characteristics of ADI-S and ADI-C are almost the same as general ADI.
Results and Discussions
Results of austempering
Machinability comparison between ADI-S and
ADI-C Figure 5 shows an example result of the observation of cutting faces for the machinability comparison between ADI-S and ADI-C when the cutting conditions are the same. In Fig. 5  (a) , which shows the case of machined ADI-S, there was a little the face wear, but large wear on ank was observed. The same ank wear as Fig. 5 (a) was observed in Fig. 5 (b) , which shows the case of machined ADI-C. It follows that the main morphology of tool wear is the mechanical wear when ADI-S and ADI-C are machined. The maximum width of ank wear (V B ) when ADI-S and ADI-C were machined at each cutting speed was measured because ank wear was observed in Fig. 5 (a) and (b). Figure 6 shows the results of the measurement of the maximum width of ank wear (V B ) when FCD600 and ADI made by sand mold casting and continuous casting were machined with the same cutting conditions. The machinability of ADI-C is better than ADI-S since the maximum width of ank wear is small when ADI-C is machined, at all cutting speeds. Figure 7 shows the results of measurement of surface roughness on the machined surface of ADI-S and ADI-C. Though the surface roughness of ADI-C was larger than ADI-S at a cutting speed of 100 m/min, it decreased and was smaller than ADI-S when the cutting speed was increased. On the other hand, the surface roughness of ADI-S was almost constant at all cutting speeds.
Discussion of cutting resistance
There is a clear difference between the machinability of ADI-S and ADI-C. To investigate the reasons, the cutting re-sistance of ADI-S and ADI-C was examined. Figure 8 shows these results. Though the cutting resistance of ADI-S was the almost the same as ADI-C at a cutting speed of 100 m/min as in Fig. 8 (a) , there was a clear difference when the cutting speed became faster, and the cutting resistance of ADI-S became higher than ADI-C. From the results of Fig. 8 (b)-(d), it is clear that, regardless of the principal cutting force, differences between ADI-C and ADI-S in the feed force and the thrust force (especially the thrust force). The surface roughness of ADI-S is larger than ADI-C at cutting speeds of 200 and 365 m/min as shown in Fig. 7 because it is generally reported that the thrust force affects the precision of the diameter of the work material direction 16) . In addition, Fig. 9 shows an example of the results of observations of chips. From the results of measurement by image analysis, the lengths 1.73 mm in the case of ADI-S and 2.71 mm in the case of ADI-C at a cutting speed of 365 m/min, where these wear differences in the feed force and the thrust force when ADI-S and ADI-C were cut. The average chip length was longer for ADI-C than for ADI-S, though the shapes of the chips were the same. It seems that the average chip length of ADI-C gets longer because ADI-C has a lower hardness than ADI-S, as shown in Fig. 4 , and has high ductility. Though the tendency of the chip lengths of ADI-S and ADI-C were the same, the difference of the chip length was only small when the cutting speed was low. The microstructures at the cross section of the chips and the machined near surface on the work materials were observed to investigate the in uence on work materials when cut. Figure 10 shows the microstructures at the cross section of the chips when ADI-S and ADI-C are machined with a cutting speed of 365 m/min. Greatly deformed graphite and plastic deformed matrix were observed near the interface with the rake in both ADI-S and ADI-C, and the deformity direction and ow direction of the chips were similar. However, the deformation became bigger in ADI-S when the feed and thrust force were increased, as shown in Fig. 8 . Therefore, it is suggested that a cutting resistance bigger than ADI-C is applied at the cutting point when ADI-S is cut. On the other hand, Fig. 11 shows the microstructures at the cross section of the machined near surface on the work materials when ADI-S and ADI-C are machined with a cutting speed of 365 m/min. Both ADI-S and ADI-C were similar in that the graphite came off the machined surface. No damaged layer was observed in the matrix of the machined near surface in either ADI-S or ADI-C. However, because the cutting resistance is large and a relatively large deformation is observed in the chips, it seems that the machined surface is affected by something.
Discussion of retained austenite
From the result mentioned above, it is inferred that the machined surface of ADI-S and ADI-C is affected by something. Regarding the cutting of ADI, it has been already reported that the reason why ADI is a dif cult-to-machine material is that retained austenite exists 4, 8, 12, 13) . In these reports, all types of ADI have the characteristics of dif cult-to-machine materials because a lot of retained austenite existing in the ADI matrix transforms to strain-induced martensite with the cutting. Therefore, the average relative volume ratio of retained austenite was investigated in this paper. Figure 12 shows the measurement result of the average relative volume ratio of retained austenite on the machined surface of ADI-S and ADI-C. The results for the surface of ADI-S and ADI-C are canceled by polishing the in uence of machining as much as possible, and is shown as a cutting speed of 0 m/min for comparison. From Fig. 12 , the average relative volume ratio of retained austenite is about 40% in ADI-S and about 20% in ADI-C, so the difference is double. When the cutting speed increases for ADI-C, the average relative volume ratio of retained austenite continues to slightly increase and reaches about 25% at a cutting speed of 365 m/ min. On the other hand, the average relative volume ratio of retained austenite in ADI-S decreases at a cutting speed of 100 m/min, and increases afterwards when the cutting speed increases, reaching about 47% at a cutting speed of 365 m/ min. As a general relationship between the cutting speed and the cutting temperature, the cutting temperature becomes higher when the cutting speed increases. Though the retained austenite in cutting transforms to strain-induced martensite when the cutting temperature is less than the recrystallization temperature, it does not transform to strain-induced martensite when the cutting temperature is more than the recrystallization temperature. The cutting temperature may reach a high temperature depending on the cutting conditions. When the cutting temperature becomes very high, new austenite may be generated. When the mutual relationships between each of these phenomena are considered, originally ADI-C dose not transform readily to strain-induced martensite because there is little retained austenite in comparison with ADI-S. In addition, it is suggested that the newly generated austenite is left in the machined surface as retained austenite after cooling since ADI-C is at a high temperature at all cutting speeds and the existing retained austenite does not transform to strain-induced martensite. However, it seems that because ADI-C has moderate ductility, it deforms to chips easily, and therefore the optimum cutting temperature does not rise excessively.
On the other hand, it seems that the retained austenite transforms to strain-induced martensite when the cutting speed is slow in ADI-S, namely, low cutting temperatures. It seems that the retained austenite does not transform to strain-induced martensite like ADI-C when the cutting speed is fast in ADI-S, namely, at high cutting temperatures. However, it seems that the cutting resistance is large even when the cutting temperature is high because the matrix of ADI-S has high mechanical properties, and therefore does not deform regularly to chips. Therefore, it is suggested that the machinability of ADI-C is better than ADI-S because the retained austenite does not transform to strain-induced martensite at any cutting speed. Also, it is suggested that the machinability of ADI-S is inferior than ADI-C because the retained austenite transforms to the strain-induced martensite at low cutting speeds and the cutting resistance is large, though the retained austenite does not transform to strain-induced martensite at high cutting speeds.
The results of this study are slightly different from some studies that have already reported why the machinability of ADI is low. Regarding the low machinability of ADI because the retained austenite did not transform to strain-induced martensite, the difference between the results of this study and other studies 4, 12, 13) was the cutting speed. Though the cutting speeds in this study were comparatively high, between 100-365 m/min, most cutting speeds in other studies were about 100 m/min. When the cutting speed is high as in this study, it has been reported that the volume ratio of retained austenite increases because the cutting temperature becomes higher with rising cutting speed 8) . Connected to the transformation of the retained austenite to strain-induced martensite, it has been reported that the in uence of the thrust force on the damaged layer of the machined surface is generally large when the cutting speed is low such as 10 m/min 17) . The results of these reports correspond with the results of this study well. In addition, it seems that the mechanical properties of the matrix of ADI, such as hardness, are similar to hardened steels. In a report that investigated the cutting temperature of hardened steel, it has been reported that the cutting temperature reached 673-1173 K with a cutting speed of more than 100 m/min, though the detailed cutting conditions were different from this study 18, 19) . Although the strain-induced martensitic transformation start temperature (M d point) varies slightly according to chemical composition, it has been reported that this temperature is about 550 K 20) . In this study, it is suggested that the cutting temperature reaches at more than the M d point when the cutting speed is more than 100 m/min.
Conclusion
The in uence of casting methods on the machinability of ADI was investigated in this study. Cutting tests were carried out to clarify the machinability differences of ADI with varying casting methods, and the phenomena when ADI was cut were made clear. The following has been con rmed.
(1) From the results of the cutting of ADI-S and ADI-C, the main wear mode is mechanical wear. And even if the cutting speed is different, the machinability of ADI-C is better than ADI-S.
(2) When ADI-S and ADI-C are cut, the feed and thrust force of ADI-S tend to become bigger than ADI-C with cutting speeds of 200 and 365 m/min, though the cutting resistance is almost the same with a cutting speed of 100 m/min.
(3) When the cutting speed increases for ADI-C, the average relative volume ratio of retained austenite continues to slightly increase. The average relative volume ratio of retained austenite in ADI-S decreases at a cutting speed of 100 m/min, and increases afterwards when the cutting speed increases. It increases to about double of ADI-C with a cutting speed of 365 m/min.
(4) The retained austenite does not always transform to strain-induced martensite with the cutting conditions of this study, and ADI-C has moderate ductility and therefore deforms to chips easily. It is suggested that the machinability of ADI-C is better than ADI-S because the cutting resistance of ADI-C is low.
